This review highlights synthetic routes for producing nanostructured magnesium hydroxide and focuses on how these various preparative approaches can produce MgĲOH) 2 nanoparticles with controlled size and morphology. MgĲOH) 2 nanocrystals with rod-, needle-, hollow tube-or platelet-like morphology can be synthesised by the modification of chemical and physical experimental parameters such as the selection of magnesium precursor, solvent and temperature or by employing surface modifiers and templates. Techniques based on hydrothermal/solvothermal treatments, microwave heating and (co-)precipitation are dominant in the production of MgĲOH) 2 at the nanoscale, but other materials design approaches are now emerging. Bulk MgĲOH) 2 has been extensively studied over decades and finds use in a wide range of applications. Moreover, the hydroxide can also serve as a precursor for other commercially important materials such as MgO. Nanostructuring the material has proven extremely useful in modifying some of its most important properties -not least enhancing the performance of MgĲOH) 2 as a non-toxic flame retardant -but equally it is creating new avenues of applied research. We evaluate herein the latest efforts to design novel synthesis routes to nano-MgĲOH) 2 , to understand the mechanisms of crystallite growth and to tailor microstructure towards specific properties and applications.
Introduction
Magnesium hydroxide (MH), MgĲOH) 2 , naturally occurring as the mineral brucite, has attracted much attention over the past decades. MgĲOH) 2 
is a white, odourless solid
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characterised by an extremely low solubility in water (0.009 g L −1 at 18°C) and a refractive index n D = 1.559. 1 MH crystallises in the tetragonal P3m1 space group, with lattice parameters of a = 3.148 Å and c = 4.779 Å (Fig. 1) . 2, 3 In the MgĲOH) 2 crystal structure, each magnesium, Mg 2+ , cation is coordinated by 6 hydroxide, OH − anions to form Mg-(OH) octahedra, which share faces in two dimensions resulting in a layered structure. Conversely, each OH − anion is surrounded by three Mg 2+ cations in a pyramidal geometry. The oxygen atoms in the OH − anions are located in planes above and below the planes of Mg 2+ cations with O-H bonds perpendicular to these metal-containing planes. The extended crystal structure is completed in the third dimension by hydrogen bonding, which weakly binds the hexagonal close packed (HCP) anion layers together, with a shortest H⋯H interlayer distance of 1.97 Å. The ⋯ABABA⋯ HCP layers are spatially distributed such that the hydroxide hydrogens within one layer point towards the centre of the triangular plane (an Mg-OH octahedral face) formed by 3 OH bonds in the next layer. When heated to temperatures above 350°C, bulk MgĲOH) 2 undergoes a dehydration process resulting in the formation of MgO (cubic, Fm3m) 5 and the evolution of water (eqn (1)). 6, 7 Mg(OH) 2 → MgO + H 2 O ΔH°(298 K) = 98.4 kJ mol
The ability of the hydroxide to decompose endothermically releasing water and forming MgO without the production of corrosive or toxic by-products, accounts for its major importance as a commercial non-toxic flame retardant. Magnesium hydroxide also finds application as an acidic waste neutraliser, as a pharmaceutical excipient, in paper conservation, as a component in ethanol chemical sensors and as the most important precursor for the preparation of (nanostructured) magnesium oxide which, in turn, finds application in catalysis. 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] A variety of methods for yielding nanostructured MgĲOH) 2 have been reported. These include hydrothermal/ solvothermal techniques, precipitation routes and microwave-assisted methods. Further, the use of surfactants and templating agents has been explored as a means to obtain MgĲOH) 2 nanocrystals with different morphologies, from hexagonal nanoplates through nanotubes, nanorods and nanosheets to mixture of nanosheets and nanoparticles. However, due to the fact that surfactants are not environmentally sustainable and that their employment results in an additional cost to processing, efforts have been made in order to remove them from the synthetic procedure. Similar environmental concerns arise for synthetic procedures involving non-aqueous solvents, which are commonly used in solvothermal reactions. Ultimately, the goal for the production of MgĲOH) 2 is to find novel synthetic routes that are fast, simple, energy-efficient and allow fine control over particle size and morphology. Below we discuss and highlight the latest progress made in terms of synthetic routes to yield nanostructured magnesium hydroxide.
Synthetic routes to nanostructured MgĲOH) 2

Conventional hydrothermal/solvothermal synthesis
Hydrothermal and solvothermal methods have been widely employed to produce nanostructured MgĲOH) 2 . These methods often involve the use of surfactants such as polyĲethylene glycol) (PEG) or ethylendiamine (en), which are considered to play an important role in the mechanism of the nanostructure formation, acting either as templates or growth inhibitors. One of the major drawbacks of these synthetic procedures however is the relatively long reaction time, which is typically of 6 to 24 h or more. Nonetheless, hydro/ solvothermal treatments have been extensively explored in terms of morphology and size control for the synthesis of nano-MH.
The synthesis of MgĲOH) 2 nanorods by solvothermal treatment was first reported in 2000 by Li et al. 17 In the experimental procedure Mg metal was used as magnesium source and en as a templating agent. The hydrothermal reaction (eqn (2)) leads to the production of rod-like nanoparticles in a process described as "soft templating".
Mg + 2H 2 O → Mg(OH) 2 + H 2 (2) The key influence in the crystal growth mechanism is believed to be the presence of the en molecules, which are likely to act as bidentate ligands to form a complex with Mg 2+ cations, thereafter controlling the nucleation and growth of the nanorods. The stability of such a complex is expected to decrease as temperature and pressure are increased, coordinating the OH − groups present in solution to the complex and causing the 1D nanorod structures to condense. Ultimately, the Mg-N bonds to the donor ligands 19 The synthesis used nanowires of Mg 10 ĲOH) 18 Cl 2 ·5H 2 O as a magnesium source to yield hollow MgĲOH) 2 nanotubes. The synthesis of the hydrated hydroxide chloride precursor was previously reported by Christensen et al.
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Following a synthetic procedure analogous to the one reported by Ding et al. (discussed above), 18 it was possible to produce nanotubes defined by outer diameters of 80-150 nm, wall thicknesses of 30-50 nm and lengths of up to 5-10 μm. A growth mechanism has been proposed that involves the exchange of Cl − and OH − anions during solvothermal treatment. The mechanism of crystal growth is consistent with the one originally proposed by Li et al., 17 in which en is also believed to play a pivotal role in controlling the product morphology by acting as a bidentate ligand leading to the production of the one dimensional structure. However, the fibre-like morphology of the magnesium precursor is also believed to be very important, as one might anticipate. 19 In the following year (2004), many of the same researchers published further work providing additional insight into the above-mentioned system together with the study of two other possible solvents: 1,6-diaminohexane and pyridine. 21 It was found that size and morphology of the hydroxide product were greatly influenced by the solvent used and by the reaction temperature during the solvothermal process. In particular, both en and diaminohexane lead to the formation of nanotubes with outer diameters of 80-300 nm, wall thicknesses of 30-80 nm and lengths of several microns, whilst the use of pyridine resulted in a rod-like morphology. This difference in morphology is attributed to the coordination behaviour of the respective ligands; both en and diaminohexane act as bidentate ligands whereas pyridine is a monodentate ligand. Nonetheless, the mechanism of crystal growth for all structures is believed to be the fundamentally identical to that reported previously (in 2003). 19 Interestingly several years later, high aspect ratio nanowires of "Mg x ĲOH) y Cl z ·nH 2 O" were used in the templated pseudomorphic synthesis of MH nanowires (by reaction with NaOH in 3 : 1 ethanol : water) at 25-70°C and ambient pressure without the need of additional chelating species. 22 Subsequent to the original oxychloride nanowire template experiments above, a solvothermal process was developed for yielding hollow MH nanotubes without the requirement of such a template or for chelating ligands such as en and diaminohexane. In this case, magnesium chloride was used as the Mg source and aqueous ammonia was employed as a solvent. 23 By stopping the progress of the reaction at different times and characterising the reaction mixture, it was possible to propose a mechanism of nanotube formation. Evidence suggested that the process involved anisotropic growthdissolution-reorganization. Under solvothermal conditions, the precursor dissolves as the temperature increases and as the concentration of the Mg precursor reaches and exceeds saturation, the chloride recrystallises and grows into nanoplates. These plates are then proposed to dissolve again to form smaller growth nuclei, which subsequently reorganize to yield hollow nanotubes of MgĲOH) 2 .
An ammonia-hydrothermal method has also been tested in the presence of established surfactants and templating agents. Magnesium hydroxide hexagonal nanoplates can be prepared by hydrothermally reacting a solution of MgCl 2 , citric acid and aqueous ammonia in the presence of monoethanolamine (MEA), diethanoamine (DEA) or triethanolamine (TEA). 24 MEA, DEA and TEA were believed to promote the dissolution-recrystallisation process of the nanostructured MH taking place during the hydrothermal treatment. Just as with the use of ligating amines, such as en, the ethanolic amines were proposed to act by forming complexes with Mg. The mechanism requires dissolution of the precursor, so the complexing is apparently crucial in governing solubility. It was found that MEA exhibits the best complexing effect towards Mg cations, hence promoting the dissolution process and contributing to the recrystallisation of hexagonal MH nanoplates. Cetyltetramethylammonium bromide (CTAB) has also been investigated as a possible cationic surfactant for obtaining ultrafine, highly-dispersed magnesium hydroxide lamellar nanoparticles in aqueous ammonia. 25 Using magnesium chloride hexahydrate as an Mg precursor, Yan et al. evaluated the significance of the hydrothermal treatment by performing the synthesis in solution at room temperature with or without an additional final hydrothermal step. Important differences were observed in the obtained morphologies; with no hydrothermal treatment, flower-like MgĲOH) 2 nanoparticles formed from the intergrowth of platelets while with an additional hydrothermal step it was possible to synthesise dispersed hexagonal nanoplates of MH. In this sense CTAB does not prevent agglomeration when the reaction is carried out at ambient temperature, but it appears to inhibit the intergrowth of the particles during hydrothermal treatment leading to a much higher dispersion of primary nanoparticles (nanoplates). However, it would appear that the individual (nano)plates also grow larger when synthesised in the presence of CTAB. Its effect on the crystal growth may be explained by invoking a dissolution-precipitation mechanism as proposed previously by Wu et al. for the hydrothermal synthesis of nanostructured MgĲOH) 2 in the presence of CaCl 2 .
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According to this mechanism, the first step is the dissolution of MgĲOH) 2 CTAB was again employed for the preparation of MgĲOH) 2 nanostructures via a hydrothermal method in 2011. In this case, uniform nanorods with a length up to 300 nm and a diameter of 10-40 nm were obtained using magnesium oxide as a source of Mg, which was dissolved in an aqueous solution of CTAB. 27 For comparison, the synthesis was performed with and without CTAB and as a result, interesting differences in morphologies were observed. In the absence of CTAB, hexagonal nanoplates were observed. By contrast the synthesis including CTAB was found to produce nanorods. Nanorod formation is again speculated to be attributed to the interaction of the positively charged CTA + cations and OH − groups. This time the interaction leads to an adsorption of CTAB on the nanocrystal faces which are parallel to the c-axis, which prevents solute diffusion to these faces. The growth along the lateral facet is constrained which favours 1D growth from the crystal nuclei, ultimately producing rods rather than hexagonal plates. Nanostructured MH materials originating from hydrothermal syntheses can also possess high porosity. The production of mesoporous nano-MgĲOH) 2 obtained hydrothermally using only MgO and H 2 O was originally reported towards the start of the 21st century. 11 The synthetic procedure does not involve the use of any surfactants or templating agents and was found to produce single phase MgĲOH) 2 nanoparticles characterised by an hexagonal platelet-like morphology with a thickness of 50-110 nm and lateral dimensions of several μm (Fig. 2 ). Plates were found to agglomerate to form larger almost spherical particles with typical diameters over tens of microns. The particles exhibited a bimodal distribution of , favouring the formation of the 1D wire morphology. Related to this work, Gao and Jia used aqueous NaOH in the synthesis of nano-MH from magnesium acetate in the presence of citrate. In this case, the product morphology depended primarily on the hydrothermal treatment time; nano-MH was transformed from nanosheets to nanodiscs by prolonging the heating duration. 29 In fact, under these conditions, a continuous evolution of morphology was observed as a function of time. On heating at 180°C for 6 h both nanosheets (<5 nm thick) and nano-needles (3-5 nm in diameter and 50-100 nm in length) were produced. It was suggested that the latter formed from the vertical aggregation of nanosheets, where local stresses lead to a decrease of the surface-free energy. On heating for 10 h, nanosquares of 150-250 nm in size were fabricated in addition to sheets. These nanosquares were each composed of several sheets. On further heating (20 h), disc-like nanocrystals were the only product. The overall transformation was proposed to occur in two steps: first, nanosquares form by the vertical aggregation of nanosheets and second, the oriented aggregation of nanoparticles on the edge of the nanosquares form nanodiscs at longer reaction times. In 2015 a concept of post-synthesis surface modification for nanoMgĲOH) 2 was introduced. 30 Magnesium acetate and aqueous NaOH were employed in synthesis via a continuous flow hydrothermal (supercritical) process. Poly(ethylene-co-acrylic acid) in toluene was used as a surface coating agent and injected downstream from the hydrothermal reactor. MH nanorods with a diameter of ca. 20 nm and a length of ca. 120 nm were produced without the addition of modifier whereas smaller, more porous hydrophobic MgĲOH) 2 nanorods (∼15 nm diameter; length ∼70 nm) were produced in the surface-modified process (Fig. 3) . Although ostensibly the morphologies appear very similar by transmission electron microscopy (TEM), the specific surface area of the higher porosity poly(ethylene-co-acrylic acid)-MgĲOH) 2 In comparison to other alkalis added to MH syntheses, such as sodium hydroxide and aqueous ammonia as discussed above, hydrazine hydrate first has to undertake a decomposition process that leads to a relatively slow release of OH − under solvothermal conditions. The slower reaction and growth should favour a more measured crystallization process resulting in the symmetrical, regular hexagonal morphology of the single nanocrystallites. The authors also suggested that steric effects from the NO 3 − anions plane could restrict growth in the third dimension and favour formation of the More recently, well-dispersed, discrete hexagonal MH nanoflakes were obtained hydrothermally using magnesium nitrate hexahydrate in the presence of the polymeric templating agent, PEG 20000. 32 As shown in Fig. 5 , the synthesised magnesium hydroxide nanoparticles present a hexagonal flake-like morphology with a thickness of only ca. 10 nm, a lateral size of ca. 100 nm and a specific surface area of ∼69 m 2 g −1 . In the absence of PEG 20000, similarly prepared MH particles exhibited a higher polydispersity and a slightly reduced specific surface area (∼42 m 2 g −1 ). There is no firm evidence to indicate the exact role played by PEG in the MH nanoflake formation mechanism and the authors speculate that its main functions are to prevent the agglomeration of the hexagonal MgĲOH) 2 nanoflakes and to control the growth rate. The morphology of the synthesised nanocrystals is proposed to originate from the formation of "PEGMg 2+ pairs". The authors proposed that the "PEG-Mg 2+ pairs" develop initially via complex formation, with PEG coordinating to Mg 2+ ions in MgĲNO 3 ) 2 through oxygen donors prior to the hydrothermal treatment. These "PEG-Mg 2+ pairs" are then proposed to combine during stirring and aging to form a skeleton of PEG chains that are twisted and coiled with each other to form a series of continuous hexagonal pores. When NaOH was added to the system, the OH − ions are proposed to react preferentially with Mg 2+ ions located in the hexagonal holes of the entangled PEG skeleton to form small crystal nuclei of magnesium hydroxide. With increasing temperature and time over the period of the hydrothermal treatment, these MgĲOH) 2 crystal nuclei grow until finally they detach from the hexagonal pores (which act as a template).
Compared to synthesis and hydroxide growth without PEG, the initial coordination process and the subsequent PEG templating process is predicted to be slow in kinetic terms. It is evident that further syntheses using varying molecular weight polymeric additives and closer scrutiny of the ensuing crystallisation processes are required in order to understand the templated MH growth in such systems more fully and a fuller comparison with PEG-templated coprecipitation methods performed at ambient pressure (see below) would be useful. From all the examples in this section, it can be seen that hydrothermal/solvothermal methods can be widely utilised to obtain MgĲOH) 2 nanostructures with degrees of control over size and morphology.
The main advantages lie with a high level of reproducibility and generally the method encourages production of 2D plate-like nanostructures with dimensions and porosity that can be modified by appropriate selection of experimental parameters (such as temperature, time and pH) and choice of reagents. Such syntheses typically lead to a low degree of agglomeration and opportunities to produce monodisperse MH particles of high surface area. By contrast, the growth of 1D nanostructures is rarer and more difficult, requiring more "forcing" growth conditions such as the use of hard templates (e.g. nanowire precursors). Nevertheless, solvothermal methods allow one to tailor the crystal growth to different morphologies for different applications.
Given the range of chemical variables applied in solvothermal syntheses -such as solvent, magnesium source, molecular (ligating) templating agents (e.g. en, en-H 2 O, diaminohexane, pyridine or hydrazine hydrate) or other soft/ hard templates -it is difficult to appreciate the precise role of each of these variables in a single set of experiments and even more complex to consider their combinations across multiple synthesis regimes. The nucleation and crystal growth is often initiated by the ability of molecular additives (acting as ligands) to form coordination complexes with Mg 2+ cations (typically present in a salt precursor or oxidised from Mg metal). To some extent the nanorod, nanoneedle, nanotube or various lamellar morphologies should depend on the coordination behaviour of the respective ligands to the metal centre as well as on the magnesium precursor employed and the morphology of the precursor itself. Syntheses involving aqueous ammonia (for example, in the formation of MH formation apparently need not be an initial step in the nucleation and subsequent growth process and the proposed mechanisms involve anisotropic growth-dissolutionreorganization processes. In such cases, the precursor dissolves and as the temperature/time increases recrystallization is induced and the use of ethanolic amines with aqueous ammonia, for example, was thought to promote this dissolution-recrystallisation process. 24 
Synthesis via microwave-assisted methods
The use of microwaves as an alternative to conventional heating for material synthesis in the solid state as well as in solution has attracted considerable attention. [33] [34] [35] [36] [37] In fact, using microwave (MW) heating can enable reaction times to be dramatically decreased from days to even a matter of minutes when compared to conventional heating approaches. Great progress has been made over the past decade in terms of the MW preparation of nanostructured MgĲOH) 2 (Table 2 ). In 2004, Wu et al. reported the first synthetic route to yield fibre-like MgĲOH) 2 nanoparticles exploiting microwave heating. 38 Magnesium hydroxide nanoparticles were obtained by reacting magnesium nitrate and sodium hydroxide in aqueous solution. The reagents were directed though a semipermeable membrane made from collodion (nitrocellulose in ether/alcohol) while irradiating them with low power microwaves (20 W, 2.45 GHz) for 5 days. This resulted in the production of fibre-like nanoparticles (diameter ∼20-40 nm; length ∼100-150 nm). An equivalent experiment performed without irradiation produced MH lamellae (diameter ∼300 nm) together with agglomerates of fibres. The authors hypothesised that both microwave irradiation and the use of the membrane (and additionally the concentration of NaOH and hence the pH) were important factors in the formation of the fibre-like morphology of the hydroxide nanoparticles rather than the lamellar morphology otherwise observed. An unconfirmed mechanism for fibre formation was proposed by which local microwave-induced hot spots provoke MgĲOH) 2 plates into curling into fibre-like nanoparticles. It was also observed that when the concentration of NaOH > 0.1 M, the reaction proceeded at a high rate such that magnesium hydroxide nanoparticles aggregated. A more complete understanding of the rationale for nanofibre formation in the absence of hard or soft templates has not yet been forthcoming. More recently, other magnesium salts have been studied as precursors in the MW synthesis of nanostructured magnesium hydroxide. In 2012, Al-Hazmi et al. employed a microwave-assisted solvothermal route to induce the rapid growth of hydroxide nanosheets, which can find application in the fabrication of ethanol sensors. 13 Magnesium chloride hexahydrate, sodium hydroxide and urea were irradiated with microwaves at 1000 W with a temperature limit of 220°C. The reaction reached completion after 30 min and produced hierarchical structures with a spherical morphology (diameter ∼30 ± 3 μm). SEM revealed the ball-like structures were agglomerates of nanosheets, each with a thickness of 95 ± 10 nm and lateral dimensions of up to several μm (Fig. 6) . Magnesium sulfate has also proved to be an effective precursor for MgĲOH) 2 nanosheets, with a structure of highly porous sheets made of particles smaller than 5 nm and a surface area of 80.27 m 2 g −1 . 39 The synthesis is based on the reduction of magnesium sulfate by sodium hydroxide in a microwave reactor (266 W; 10-15 min), using cetylmethylammonium bromide (CTAB) as dispersant. After precipitation, the synthesised particles were subjected to thermal treatment at 300°C to remove the CTAB and obtain pure phase MgĲOH) 2 .
One of the first studies to use magnesium metal as a precursor for the microwave synthesis of nano-MgĲOH) 2 in fact employed an indirect method. In 2011, Hattori et al. used microwave-generated plasma in water in the continuous synthesis of MH from Mg rod (at 60 g h −1 ); a method that could also be used to prepare ZnĲOH) 2 . 40 Characteristic hexagonal nanoplates of MgĲOH) 2 were produced (alongside (truncated) triangular crystallites) using an incident power of only 160 W. More recently direct MW synthesis was demonstrated by simply heating magnesium powder and water. Al-Gaashani et al. detailed an additive-free MW synthesis of nano-MH achieved by irradiation in a domestic microwave oven for 8 minutes without the addition of surfactants or templating agents. 41 However, the reaction resulted in the presence of two different MgĲOH) 2 morphologies: a mixture of nanoparticles and nanosheets of 36-45 nm in thickness were obtained. The proposed reaction mechanism invokes the 
The MgOH + ions (magnesium hydroxo ions) are believed to act as the precursor in producing the MgĲOH) 2 nuclei that initiate the growth of both particles and sheets (Fig. 7) . In 2015, a surfactant-free hydrothermal MW synthesis inside a multimode cavity MW reactor was proposed, which could yield gram-quantities of single-phase nano-MgĲOH) 2 from only MgO and without the use of additives. 6 The synthesis was performed hydrothermally in a Teflon-lined autoclave and the reaction time could be decreased from 6 to 2 minutes by increasing the incident power from 750 to 800 W. The hexagonal nanoplates so-produced were 100-600 nm across and with a typical thickness of 10-60 nm (Fig. 8) . The experimental hydrothermal procedure followed is broadly the microwave analogue to the conventional one proposed by Yu et al. 11 The mechanism of crystal growth proposed for the MW-HT synthesis contrasts slightly with the one suggested by Yu et al. and it consists of dissolution-precipitation steps followed by crystallite growth (eqn (3), Fig. 9 ). The use of MWs results in a much higher rate of both heating and cooling and this could lead to an extremely fast initial MgO dissolution step (the solubility of MgO and MgĲOH) 2 increases with increasing temperature 45, 46 ). This is 
The possible agglomeration of the particles is believed to occur on cooling. The mechanism (Fig. 9b) shows that the use of templating agents or surfactants is not essential for the synthesis of nano-MH, but that their use could help in suppressing the agglomeration of the nanoparticles, resulting in an increased surface area. Yu et al. had previously proposed that in conventional hydrothermal synthesis the agglomeration of small primary nanoparticles into nanoplates leads to the formation of a bimodal distribution of mesopores.
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Precipitation methods
Solution based precipitation and co-precipitation methods are attractive ways to prepare MH under relatively mild conditions. Routes with and without the use of surfactants and surface modifiers have been explored as means to obtain nanostructures with controlled size and morphology (Table 3 ). In 1993, Láska et al. started studying the influence of experimental parameters on the size distribution of magnesium hydroxide prepared by hydrating magnesium oxide, concluding that increasing the pH of the solutions resulted in a smaller crystal size, whereas raising the reaction temperature resulted in the opposite effect. 49 Ten years later, Henrist et al. conducted a systematic and wide-ranging investigation of the influence of a host of synthesis parameters including the chemical nature of magnesium precursors with different counter-ions (MgCl 2 and MgĲNO 3 ) 2 ), the chemical nature of the basic precipitating agent (NaOH, NH 4 OH) and the variation in reaction temperature. The ambient pressure precipitation process was also compared to hydrothermal syntheses. 50 It was reported that the use of sodium hydroxide results in the preparation of "cauliflower-like" agglomerates, whilst the use of aqueous ammonia leads to the formation of hexagonal platelets. This contrast was attributed to the influences of pH and cation structure in solution. Also, as one might expect, the temperature has a strong effect, affecting the degree of agglomeration of the precipitated nanoparticles. Notably, particles tend to intergrow (agglomerate) at 60°C and above, whereas at lower temperature, single, pseudo-circular platelets are obtained. A comparatively mild (180°C; 14 h) hydrothermal treatment results in an increased mean particle size and decreased specific surface area. In 2007, Zou et al. reported the synthesis of lamellar MH nanostructures obtained from the oxidation of magnesium metal in a mixture of formamide and water. 51 The proposed one-step synthesis produces densely packed layers of agglomerated MgĲOH) 2 particles as a result of simply immersing magnesium ribbons in a 6% formamide/water mixture at 80°C for 12 h. Further, as shown in Fig. 10 , the growth of the lamellar structures could be moderated as a function of reaction time when using a 4% formamide/water mixture at 80°C
. Initial Mg oxidation was very slow, limiting the Mg concentration and inducing heterogeneous nucleation preferentially on the metal substrate. As the reaction time increased, Mg species originating from the thermal decomposition of Mg-formamide complexes were continuously supplied for subsequent crystal growth on heterogeneous nuclei. Fig. 10(a) shows that at 1 h rod-like nuclei grow on the substrate from heterogeneous nucleation of MH. At 2 h, the nuclei start to branch on the surface, gradually forming the beginnings of a 3D porous skeleton for further growth ( Fig. 10(b) ). By 6 h into the nucleation and growth process, the lamellar MH structures develop into a continuous porous network ( Fig. 10(d) ). An alternative surfactant-free precipitation route to lamellar MH nanoparticles is possible via reaction of aqueous solutions of magnesium chloride hexahydrate and sodium hydroxide in the presence/absence of urea and/or ethanol. 52 Addition of ethanol apparently produced more regular hexagonal lamellae. Although no surfactants were employed, urea evidently prevented agglomeration presumably by coordinating to Mg 2+ in solution. Moreover, chloride impurities were reduced on urea addition. In fact, an earlier study showed similar nanostructured MH lamellae could be obtained from lower concentrations of the same reactants without the use of urea (or other structure directing additives).
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Although surfactant-free syntheses are environmentally favourable, there is no doubt that a very high level of control over size and morphology of nanomaterials can be achieved when employing surfactants, dispersants and surface modifiers in precipitation processes. Over a decade ago, Lv et al. were able to produce MH nanoparticles with three different morphologies exploiting the precipitation process of a magnesium precursor species (MgCl 2 ·6H 2 O) in the presence of different complex dispersants and surfactants. 53 In their comprehensive study, they also studied the influence of synthesis parameters such as temperature, concentration and type of precipitating reagent (NH 4 OH, NaOH). A multitude of additives were investigated; gelatin, lauryl sodium sulfate, polyvinylpirrolidone, polyglycol ether, polysorbate 80, polyvinyl alcohol, sodium polymethacrylate and polyacrylamide. By tuning the various reaction conditions, it was possible to obtain needle-, lamellar-and rod-like nanoparticles selectively. Although the selection of complex dispersant/surfactant was instrumental in checking growth and controlling size distribution, the alkali solution concentration appeared to be more important in controlling morphology. The use of lower concentration aqueous ammonia (5 wt%) promoted the formation of 1D structures, whereas a higher concentration (25 wt%) promoted the formation of lamellae. It was proposed that the polymer dispersants exert more structural control at the lower NH 3 Ĳaq) concentration, anisotropically limiting the growth of crystal nuclei resulting in needle-like particles which became rods when ammonia was added at a much slower rate. At the higher NH 3 Ĳaq) concentration, the structure directing effect of the dispersants was less significant and crystal nuclei agglomerate and form lamellar-like particles.
Morphological selectivity was also achieved in the presence of magnesium stereate (MgSA) as a surfactant, although as in the example above, the two different observed morphologies of MH (lamellar and rod-like particles) were more likely determined by other factors. 54 MagnesiumĲII) sulfate and NaOH solution were used to coprecipitate MH in the presence of MgSA. Notably, it was only possible to move from growth of MH lamellae to rod-like MH crystals when copperĲII) salts were added. The premise was presented that similarly sized Cu 2+ could partly replace Mg 2+ within individual octahedra in the MH structure during crystallization. It was proposed that adding Cu 2+ (0.4 mol%) into magnesium salt solution moderates growth in specific directions to form rod-like nuclei, which evolve into rod-like crystals. NaOH concentration, reaction time and temperature were also deemed significant (by increasing the temperature from close to 0°C through 50°C to 80°C, the morphology switched from lamellae to rods back to lamellae) mediating the kinetics of Cu 2+ diffusion. Ultimately, the role of CuĲII) salts in the growth mechanism is unresolved and whether Cu 2+ is included in the MH crystal structure, for example, is unclear. Octadecyl dihydrogen phosphate (ODP) was proposed to check crystal growth by surface modification. 55 In a simple one-step wet precipitation process, MgĲOH) 2 nanoparticles were prepared from magnesium chloride hexahydrate, sodium hydroxide and ODP. ODP was proposed to engender hydrophobic (001) surfaces and thus restrict the crystal growth in the c direction. Lamellar nano-MgĲOH) 2 plates synthesised in the presence of ODP grew with an average lateral dimension of 60 nm and an average thickness of ca. 35 nm whereas an average lateral dimension of 130 nm and an average thickness of ca. 20 nm predominated when no surface modifier was employed. Similarly sodium dodecyl sulfate (SDS) and monoalcohol ether phosphate (MAP) (2 : 1 by weight) were applied as surface-modifiers in an MH co-precipitation starting from magnesium nitrate hexahydrate and NaOH. 56 Addition of SDS/MAP in different amounts from 0.0 to 1.0 wt% had positive effects on the MH dispersion properties in liquid paraffin with an optimal suspension volume obtained for 0.2 wt% of SDS/MAP. All MgĲOH) 2 particles formed hexagonal plates, but the surface-modified nanocrystals were notably smaller in lateral dimensions (across the face of each plate). Polymeric surfactants might be expected to have an even more pronounced effect on constraining crystal growth. PEG is a widely-used surfactant with properties that can be tuned via the molecular weight of the polymer. Wang et al. utilised PEG 400 in the synthesis of MH nanoplates (to be used as a precursor to nanostructured MgO). MgCl 2 ·6H 2 O was combined with ammonium hydroxide as a precipitating agent and PEG 400 as a non-ionic surfactant. 12 Plates of 10-20 nm in thickness could be produced but were found to agglomerate in large clusters and it was postulated that this was due to the relatively low molecular weight of the PEG, which was not very effective in capping the MH particles. A later study explored the effect of using higher molecular weight PEG 12000 in the synthesis of MH nanoparticles (also using magnesium chloride hexahydrate as the magnesium precursor and aqueous ammonia as the precipitating agent). 57 It was found that unlike PEG 400 in the earlier study, PEG 12000 influences both the size and morphology of the synthesised nanocrystals. Close to room temperature (20°C, 40°C) needle-like MH nanocrystallites are formed whereas once the reaction temperature is raised to 60°C or 80°C, lamellae form selec- .
The degree of coverage of the MH surface with PEG was suggested to decrease with increasing PEG molecular weight. However, it is worth noting that all the syntheses in this study were performed at 80°C and so consistent with previous work, 12, 57 if PEG is adsorbed on (001) faces then MgĲOH) 2 nanoplates are preferentially formed. Intriguingly, the use of PEG-1000 was also argued as a means to obtain MgĲOH) 2 nanotubes from magnesium chloride hexahydrate and ammonium hydroxide. 59 In the absence of HRTEM images and further characterisation, the MH nanotubes (with an estimated inner diameter of 6-34 nm and lengths of 63-200 nm) are difficult to discern, but were synthesised only when 2.5 wt% of PEG 1000 was used in the liquid phase reaction system. Lower concentrations of PEG 1000 led to lamellae (2 wt%) whereas needles were obtained at much higher concentration (3.5 and 4 wt%).
Overall, there appears to be a fine balance between 2D and 1D growth with the use of PEG and the preferred morphology is likely very sensitive to PEG molecular weight and reaction temperature (which could, in turn, fragment PEG when increased significantly above ambient). In a variation on the above methodology, polymers have been successfully employed post-synthesis to improve dispersiblilty of nano-MH still further. 60 Magnesium hydroxide nanoparticles with a mean particle size of 100 nm were first obtained from MgSO 4 and NaOH using oleic acid (OA) as a structural modifier and to make the MH surface lipophillic. Polymethyl metacrylate (PMMA) (prepared in situ using polyĲN-vinyl-2-pyrrolidone) (PVP) and monomeric methyl metacrylate (MMA) with azoisobutyronitrile (AIBN) as an initiator) was grafted onto the OA-rich surface of the nanoplates to form hydrophobic nano-MH lamellae. Hence in this two-step process, initially -OH groups on the MH surface are replaced by the acidic COO-functionality of OA and subsequently the alkyl chains from the affixed OA is incorporated into the PMMA backbone. The MH dispersibility in water is improved considerably as a result; untreated MH phaseseparated instantly while PMMA-grafted MH remained dispersed in water for 30 days.
Other synthetic routes
Aside from solvothermal and precipitation methods, a number of other synthetic techniques have been explored for producing nanostructured magnesium hydroxide of controlled size and morphology. Although some of these techniques might lack the simplicity of the above solution-based methods, in many cases experiments have led to unexpected and intriguing outcomes and can provide further insight into nano-MH growth mechanisms. Among these alternative approaches are electrodeposition, liquid-solid arc discharge and pulsed-laser ablation. Progress has also been made in demonstrating how solution-based flow processes can be scaled up towards commercial production of nano-MH. Deposition of metal hydroxides such as NiĲOH) 2 and MgĲOH) 2 by cathodic reduction of chlorides, for example (in the hydrogen evolution reaction; HER) has been known for some time. 61, 62 Micron-thick coatings of MgĲOH) 2 , for example, can be deposited on stainless steel electrodes under basic conditions from reduction of aqueous MgĲNO 3 ) 2 . 63 The films become thicker with increasing deposition time, current density and nitrate concentration and consist of characteristic MH nanoplates (ca. 13 nm thick) that grow with their hexagonal faces approximately perpendicular to the stainlesssteel substrate. Following a very similar method, porous films composed of MH nanoplates could also be deposited on to indium tin oxide (ITO)/glass cathodic substrates. 64 Interestingly and perhaps counter-intuitively, if a structure-directing agent (chelating species; sodium acetate) is added to the electrochemical system, deposition of clusters of "hierarchical" structures are formed. 65 These flower-like objects are formed from the agglomeration of individual MH nanoplates and grow on layers of existing deposited -more aligned -MH films. The number of these clusters increases with deposition time. For a fixed time, increasing the acetate concentration also encourages cluster growth and leads to less uniform films. Fascinatingly liquid-solid arc discharge produces 1D MH nanostructures, yielding nanorods with a diameter of ca. 10 nm and lengths up to 250 nm. 66 The method is based on the discharge between two magnesium metal strips, immersed in a NaCl solution, to which a voltage between 50 and 200 V was applied for set periods of time. The heat generated in the process melts the magnesium strip such that the MH product is distributed throughout the NaCl solution. The proposed reaction pathway involves the formation of a colloidal Mg solution from the metal, followed by oxidation to Mg 2+ cations and finally the growth of magnesium hydroxide nanorods. Although the length of the rods (and therefore the aspect ratio), can be increased by extending the discharge time, the underpinning 1D morphology of the synthesised MgĲOH) 2 nanorods does not change. This would suggest that the MH morphology is determined in the very early stages of the reaction (and is quite possibly stimulated by the structure of the rapidly solidifying Mg colloidal particles).
In a similar vein, Liang et al. took magnesium metal plate immersed in distilled water (with or without the presence of SDS as a surfactant) as the basis of a synthesis configuration, but in this case pulsed-laser ablated the plate. 67 By varying the reaction conditions and amount of surfactant, it proved feasible to obtain wormhole-, tube-, rod-or platelet-like nanoparticles selectively. Further, the authors proposed a multistep mechanism of crystal growth which starts with the formation of Mg species induced by the laser (initially as a plasma plume above the surface of the metal), followed by their almost instantaneous reaction with water to form MgĲOH) 2 . The growth of the nanostructured crystals is then principally directed by the surfactant and the selective formation of 1D vs. 2D structures is extremely sensitive to the concentration of SDS; low concentration favours growth of nanorods while increasing the proportion of SDS leads to nanoplates. Finally, Li et al. demonstrated how a series of flow reactors can be designed to produce hexagonal nanoplates of nano magnesium hydroxide using cheap raw materials. 68 Crude calcined magnesia (MgO) was reacted with nitrogen fertiliser ((NH 4 ) 2 SO 4 ) in the presence of two different surfactants, gelatin and polyvinyl alcohol. The surfactants were added primarily to avoid aggregation of the nanoparticles in micrometric clusters. The reaction proceeds in 2 steps whereby ultimately gaseous ammonia is bubbled through an aqueous solution of magnesium sulfate (eqn (5) and (6) 
Both pH and the surfactant concentration had an impact on the morphology of the synthesised MH: surfactant-free reactions at high pH resulted in the formation of flower-like clusters, whilst at lower pH and in the presence of surfactant, discrete hexagonal platelets were obtained. It was highlighted that aside from the direct influence of the surfactant, the pH is extremely important in the process; by exceeding the isoelectric point of MgĲOH) 2 in water (pH 12) it was possible to positively charge the surface of the nano-MH, facilitating the adsorption of the negatively charged surfactant and thus preventing aggregation.
Applications of nanostructured MgĲOH) 2
The alkalinity, hydrophilicity, thermal stability and low toxicity of magnesium hydroxide has facilitated its application in numerous fields. Traditionally, MH has been widely applied as a non-toxic flame retardant, as an acidic waste neutraliser, as a pharmaceutical excipient and as a precursor to magnesium oxide, MgO, which is widely used in catalysis and as an adsorbent. [8] [9] [10] 12, 14 A comprehensive review of the properties of magnesium hydroxide has been published recently and the reader is directed to this text for a more complete description of the many applications of the bulk material. 69 As has been discussed in previous sections, advances in the controlled synthesis of nanostructured magnesium hydroxide and in the techniques required to characterise them offer new possibilities in terms of applications, particularly when one considers the range of available nanoscale morphologies (from platelets through needles, rods and tubes to hierarchical structures and films). In this section, we focus both on how specific nano-morphologies can enhance the "traditional" properties of MH and on how such nanomaterials can be exploited in new directions. The low flammability, non-toxicity, low cost and high abundance of MH have long been qualities that have assured its dominance as a flame-retardant filler. In a nanostructured form, the material becomes even more attractive given the potential of enhanced surface area and excellent dispersion. One of the first examples of using nano-MH in composites as a flame retardant was reported in 2003. 70 Needle-like and lamellar nanostructures were synthesised via a surfactantmediated solution method (using PVP as a surfactant) and blended with ethylene-vinyl acetate (EVA) copolymer by milling and hot pressing as 3 mm-thick sheets. The replacement of micrometric (2-5 μm) inorganic material in an MH/EVA composite with nanometric MH (as needle-like nanoparticles with 3-6 nm in diameter and 50-100 nm in length) showed a significant improvement in the flame-retardant properties as evinced by measuring the limiting oxygen index (LOI; a value of 38.3 for the nano-MH/EVA as opposed to 24 for the composite containing micron-sized MH). This enhancement was attributed to the high dispersion of MH nanoparticles in EVA matrix, leading to a more compact char after burning, which could block the flow of gas molecules during combustion. A similar example of compact char formation was observed when lamellar MH nanoparticles (ca. 350 nm in diameter and ca. 50 nm in thickness) were embedded in an EVA matrix (and to which small concentrations of microcapsulated red phosphorus were also added). 71 Composites with MH nanoparticles again demonstrated considerably better LOI values than micrometer size MH for all loading levels. Moreover, the tensile strength of the nano-MH/EVA composite was also improved. More complex, novel flame-retardant ternary nanocomposites in which nano-MH was combined with various polymers (EVA or polyamide 6; PA) and crosslinked rubbers (acrylonitrile butadiene latex or carboxyl acrylonitrile butadiene latex) were investigated by Gui et al. in 2007 . 72 The flame retardancy was measured in terms of the heat release rate (HRR) and the time to ignition (TTI) and the new ternary composites outperformed composites without nano-MH in terms of HRR, TTI and thermal stability. As with bulk MgĲOH) 2 , it was postulated that the nano-MH restricts the combustion of the polymers (normally generating highly flammable decomposition products) due to its endothermic decomposition (cooling the condensed phase) and the concurrent release of water. The disperse distribution of nano-MH within the ternary composite expedites this process. It was also proposed that the resulting MgO crust that forms after combustion can protect the underlying polymer from external heat. By a slight extrapolation, nano-MH particles can also be embedded in an epoxy matrix and there are several examples of the flame-retardant performance of these types of composites and how they compare to equivalents using micro particles of MH. One such example involves the preparation of a composite containing epoxy resin (a diglycidyl ether of bisphenol-A) and nano-MH that had been surface-modified post-synthesis with γ-aminopropyltrietoxysilane (γ-APS) to impart hydrophobicity. 73 Both heat release rates and the total heat released were improved compared to composites formed with micro-MH, as also were the mechanical properties. Similar flame-retardant nanocomposites can be produced using surface-modified MH nanorods synthesised in a supercritical hydrothermal flow process, for example. 30 In an environmental context, magnesium oxide, magnesium hydroxide and various magnesium salts have been used for many years as acidic waste neutralisers, particularly for the removal of liquid pollutants and as adsorbents for water purification. Among recent examples, MH has been used with kaolin as a coagulant agent to remove reactive dyes from wastewater, as an adsorbent supported on granular activated carbon (GAC) to remove cadmiumĲII) ions from aqueous solution, with bentonite as an adsorbent to remove phosphate ions and as a supported adsorbent for defluoridation of groundwater. [74] [75] [76] [77] The addition of MH to the clays above, for example, appears to increase the specific surface area and incorporating MgĲOH) 2 in GAC is an improvement over GAC alone in terms of CdĲII) removal from aqueous solution. However, the effect of nanostructured MH in comparison to micron-scale or bulk MH particles for water purification has not been studied in detail. Indeed, in some cases, such the 2 , increasing the conductivity of the electrode and increasing the current. Given the dependence of the conduction mechanism on the adsorbed species, the surface area and dispersity of the deposited MgĲOH) 2 is likely to be influential. Although the validity of the mechanism for MgĲOH) 2 requires some further corroboration, measurements indicate that a sensor based on MH nanosheets has a superior sensitivity (6.89 ± 0.01 μA cm −2 μM −1 ) to equivalent devices fabricated from ceria, copperĲII) oxide or Ni-doped SnO 2 and a competitive lower detection limit (73 nM). One emerging application that very much relies on the properties of magnesium hydroxide at the nanoscale is its use as a non-toxic antibacterial agent. MH nanoparticles were found to be effective against Escherichia coli (E. coli) and Burkholderia phytofirmans in suspension. 80 However, neither the OH − nor the Mg 2+ ions in the MH-water suspension were found to be directly responsible for killing the bacteria. Two possible mechanisms were proposed: in the first it was claimed that direct penetration of MH nanoparticles into the cell wall occurred, destroying the structure of proteins and leading to membrane damage and consequent cell death. In the second proposed mechanism, it was contended that adsorption of moisture occurred on the surface of the MH nanoparticles, forming a meniscus around the particles due to capillary condensation. The pH of this thin water meniscus could be much higher than its equilibrium solution and once in contact with the bacteria, this meniscus could damage the membrane leading to the death of the cells. In 2013, Pan et al. studied the antibacterial action of specific MH nanostructures on E. coli. 16 Three slurries were obtained using different magnesium precursors: MgCl 2 was coprecipitated with NaOH under ambient conditions; MgSO 4 was reacted with ammonia at room temperature; while MgO was reacted with water at 600°C for 2 h, quenched and aged for 24 hours while stirring. The SEM images of the samples show clear differences in the resulting morphology that are dependent on the magnesium precursor (Fig. 11) . Although all each hydroxide sample was composed of crystalline plates, their size and distribution was synthesis-route dependent. The coprecipitation using MgCl 2 with NaOH led to agglomerated nano-flakes, while ammonia treatment of MgSO 4 produced flower-like clusters of platelets and hydrothermal synthesis with MgO created larger hexagonal nanoplates respectively. The antibacterial mechanism of nano-MH was proposed to comprise 2 steps: 1) positive charged nano-MH particles adsorb on the negative charged bacterial surface by charge attraction; 2) the adsorbed MH nanoparticles destroy the integrity of cell walls, resulting in the subsequent death of the bacteria. One of the most interesting conclusions from this study concerned the morphology-dependence of the nano-MH antibacterial activity (Fig. 12) . SEM and zeta potential analysis revealed that the highest adherence ability was observed for MH synthesised from MgCl 2 ("MgĲOH) 2 _ MgCl2 ") with a morphology characterised by clusters of nano-flakes, each <100 nm across and with positive surface charges. Conversely, MH synthesised by hydrothermal treatment of MgO ("MgĲOH) 2 _ MgO "), which formed as discrete hexagonal nanoplates several hundred nm across with a negatively charged surface, did not demonstrate any antibacterial efficacy since only very limited adsorption on the bacterial surface was possible. Intermediate between these two extremes, MH synthesised from MgSO 4 ("MgĲOH) 2 _ MgSO4 ") which existed as flower-like clusters of plates with positively charged surfaces, demonstrated some limited ability to adsorb at the E. coli cell surface and to damage the bacterial cell membrane. In 2014, the antibacterial behaviour of MH nanoparticles against E. coli was revisited and a novel possible antibacterial mechanism of MH nanoparticles was suggested by Dong et al. 81 They proposed that MH nanoparticles would directly enter into the cell through endocytosis and accumulate in vivo upon contact with a bacterial cell. Then, the MH nanoparticles would unavoidably dissolve in the water content inside the cell (70%) leading to OH − release until an equilibrium is reached (pH of 10). Thus, the intracellular high pH would lead to cell death. Related also to its alkalinity, MH has found application in paper conservation since its nanoparticles were found effective in the deacidification treatment and protection against cellulose aging. 15 The performance of MH nanoparticles synthesised from magnesium salts by precipitation was compared with established deacidification methods (such as the Wei t'O method based on the use of alkoxides which are hydrolysed in situ and in a second step react with CO 2 to form protective carbonate). MH nanoparticles reported in this study were prepared simply by heating an aqueous solution of Mg salt (either chloride, nitrate, sulfate or perchlorate) with NaOH and the counter-anion of the respective salts was discovered to be significant in governing the size of the nanoplates so-produced. In fact, it was commented by the authors that the particle sizes obtained from the respective anions appear to evoke the Hofmeister series; sulfate < chloride < nitrate < perchlorate, where perchlorate increases the solubility of the solid (MgĲOH) 2 in this case) by weakening the hydrophobic effect and leads to the largest particles. Although the mechanism for growth control was not investigated in detail, parameters such as the surface charge of the particles and the ionic adsorption on the particle surface were thought to play a crucial role. Numerous advantages were observed for the use of MH nanoparticles over previous paper deacidification approaches; most significantly, impregnation of nano-MH in paper results in a higher efficacy in the deacidification treatment, which follows from a higher reactivity. The nano-MH method is also evaluated to be easier, more economic and less aggressive than the Wei t'O process and leads to paper with a higher tensile strength. As alluded to previously, one of the main applications of MH is in its use as precursor to MgO which itself is used for a wide variety of purposes due to its catalytic activity, flame resistance, mechanical strength and dielectric resistance. Nanostructured MgO presents a range of improved properties compared to that of the bulk. 12 Among the most exciting applications of nano-MH are those that have emerged directly from the nanostructuring of the hydroxide and relate to its use in the production of advanced materials with enhanced properties. One example is MH applied to polyurethane foams for sound absorption purposes, where the MH particles are orders of magnitude smaller than the majority of the foam pores. 89 In fact, the nano-MH was proposed to improve the sound absorption coefficient relative to the unfilled foam as a result of the creation of partially open pores and due to "synergistic mechanisms of wave damping by fillers and wave collisions through various pores". Another example is the use of nano-MH as a filler in combination with starch as a matrix to form polymeric bionanocomposites applicable as non-toxic and environmentally-friendly food packing materials. 90 The use of the nano-MH filler could considerably improve the tensile strength and elastic modulus of the matrix as well as also improving the thermal stability. Related is the rise of nano-MH in biomedical applications such as biodegradable implants. 91 The biodegradable and biocompatible nature of MH is an obvious advantage in such applications and with surface modification of MH by oligolactide (OLA), it is possible to prepare extremely effective biocomposites in combination with polyĲL-lactide) (PLLA). The MH-OLA-PLLA composite carries two main advantages: First it can nullify the body's inflammatory response to PLLA by neutralising the acids generated from the hydrolysis of ester bonds and second it can improve the mechanical properties of the proposed implant. Polymeric composites have also proved important for water purification. Given a superior chemical and oxidation resistance coupled with good mechanical and thermal stability, polyĲvinylidene fluoride) (PVDF) has been widely exploited as a membrane for various types of filtration. PVDF, however, is hydrophobic and susceptible to membrane fouling, which can result in considerable flux losses. Inorganic additives have shown the ability to counter these fouling effects and nanostructured MgĲOH) 2 was demonstrated to reduce fouling without a reduction in flux, principally by changing the membrane from hydrophobic to hydrophilic. 92 The porosity of the membrane could be maintained as long as the MH filler was effectively dispersed and surfactants (such as PEG) were found to be important in ensuring a good level of dispersion. Finally and looking forward to future possibilities, as can be seen from the above, most existing applications of nano-MH rely on its structural or chemical properties. Its functional (e.g. electronic) properties remain essentially under-explored and unexploited. One new computational study suggests that if one could develop synthetic methods to make particles of MH small enough, then it should be possible to isolate mechanically stable nanoclusters (with shear moduli similar to the bulk) with reduced interlayer binding energies and band gaps approximately 3 eV smaller than the bulk material. 93 
Conclusions and final remarks
In summary, a vast range of synthetic approaches for yielding nanostructured magnesium hydroxide have been reported based on a much smaller number of dominant underpinning reaction procedures (which can be summarised as hydrothermal/solvothermal treatments, microwave heating and precipitation methods). MgĲOH) 2 (brucite) crystals tend to form as large, hexagonal plates by default. However, the size and morphology of the crystalline material from 2D nanostructures such as hexagonal platelets and sheets to 1D configurations such as rods, needles and hollow tubes can be modified by accessing and selecting an array of experimental variables including the source of magnesium, solvent, temperature, pressure, use of templating agents/surface modifiers, aging conditions and pH. To some extent, the relative importance of these variables depends on the synthesis technique employed, but there are nonetheless some underlying principles that are likely to influence the nano-MH growth mechanism more generally. In the case of hydrothermal/solvothermal methods, the solvent/solution itself unsurprisingly plays a major role in the determination of the nature of the crystalline products. By employing solvents/templating agents such as en, en-H 2 O, diaminohexane, pyridine or hydrazine hydrate, the crystal nucleation and growth are governed by the ability of these molecules to act as ligands and form complexes with the Mg 2+ cations supplied by the starting material. The type of morphology obtained should therefore depend on the coordination behaviour of the respective ligands as well as the magnesium salt/source employed (and indeed the morphology of the source). However, the morphology of the product is often dominated by the relatively harsh physical conditions of the hydro/solvothermal process (temperature, reaction time, pH of the solution) and when adding bases such as aqueous ammonia, anisotropic growth-dissolution-reorganization processes can be observed during solvothermal synthesis. Surfactants undoubtedly have a major influence on the solvothermal crystallisation process (discussed further below for precipitation methods). Most commonly they dictate size and dispersity rather than morphology, but in addition to inhibiting the intergrowth of the particles they can also inhibit growth of individual particles selectively by adsorbing to specific crystal planes. MW-assisted syntheses are typically variants of the conventional solvothermal approach, although the different (dielectric) heating mechanism evoked in the presence of polar solvents can drastically reduce reaction times when compared to conventional solvothermal approaches. The mechanism of crystal growth proposed for MW-assisted solvothermal synthesis follows a characteristic dissolution-precipitation pathway followed by crystallite growth. Principally, the use of MWs leads to much higher rates of both heating and cooling. Magnesium hydroxide nanoparticles are believed to form via intermediate MgĲOH)
+ species.
In the case of solution-based precipitation and coprecipitation methods performed at or close to room temperature, the single most important factor in steering crystallisation away from the "default brucite process" (to hexagonal plates) is the employment of surfactants or other surface modifiers/templates. In all cases, the morphology of the (nano-)MH is extremely sensitive to subtle changes in surfactant/precipitation agent concentration. Other factors such as temperature and reaction time can in turn influence growth probably as a result of the effects of these physical variables on the structure directing agent. From the body of evidence, it would appear that at low concentrations, surfactant preferentially adsorbs to the edges of a hexagonal MH nucleus (seed). The ensuing growth is therefore one dimensional (parallel to the longer crystallographic c-axis of the hexagonal crystal structure) resulting in rods and needles, for example. At higher concentrations (and/or in the presence of polymeric surfactants with higher MW), surfactant predominantly adsorbs to the hexagonal faces (the ab plane of the hexagonal MH structure) giving rise to 2D growth and platelets that can exhibit large lateral dimensions, but that are often thinner than those grown at lower surfactant concentration (since growth along the c-axis in the <001> direction is now inhibited).
The last two decades has seen considerable advances in the study of the properties of magnesium hydroxide and the implementation of the material for new applications. The ability to modify MH at the nanoscale has been instrumental in this renaissance. Control of particle size and dispersity has had wide implications for performance in applications as diverse as flame retardants and antibacterial activity. That MH is non-toxic, abundant and inexpensive is a major advantage in terms of the commercial viability of materials. Ensuring that production methods are economic while also being energy-efficient and environmentally sustainable are fundamental to the adoption of nano-MH based products. If continuing momentum can be maintained in terms of reducing MH particle size and prescribing precise MH morphology, then even more opportunities await, not least in developing a generation of new (multi)functional hydroxide materials.
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